Graphene oxide (GO) is a biocompatible material that is easily dispersible in water making its mixing easy with ceramic or polymer matrixes while trying to enhance their properties. In the present study, the photocatalytic and antibacterial activities of GO have been studied. GO has been synthesized by modified Hummer's method. The synthesized material has been characterized using X-ray diffraction, Raman spectroscopy, high-resolution transmission electron microscopy (HR-TEM), Fourier transform infrared spectroscopy (FT-IR) and UV-visible spectroscopy. HR-TEM confirmed the formation of GO nanosheets. It has been observed that GO nanosheets with excellent morphology exhibit efficient photocatalytic activity towards Congo red (CR) dye. Using advanced oxidation process, toxic organic dye CR is oxidized through reaction with reactive oxidative species generated by GO photocatalyst under UV-light irradiation. The study reflects new possibilities of GO for degradation of toxic organic pollutants. The effect of GO dose has also been studied and the reaction has been evaluated to be first order. Antibacterial activity of GO has been evaluated via well diffusion assay by growing Escherichia coli and Bacillus on LB agar plates.
Introduction
Carbon, in nature, occurs in different structural forms called the allotropes of carbon. Graphene is one of them. It is called the Bwonder material^as it is the world's hardest, thinnest, strongest material and is a good conductor of electricity and heat [1] . GO is in high demand since the early report on peeling of the single layer of graphene has come. With this, people started searching for low-cost, simpler, more effective and high-yield methods of synthesizing GO. New techniques including epitaxial growth, chemical vapor deposition and mechanical or thermal exfoliation are capable of producing low-cost GO on large scale as compared to present-day methods [2] . Owing to random distribution of functional groups such as oxygen, hydroxyl, carbonyl and epoxy, it has a wide variety of applications like in electronic transistors, transparent conducting films, light-emitting devices and solar cells, etc. [3] [4] [5] [6] [7] [8] [9] [10] [11] . The properties of GO are highly dependent on the oxidation state and hydroxyl groups attached [12] . GO has attracted a lot of interest in photocatalysis due to its high electron absorption affinity and hence, an overall improvement in the electron-hole separation [13] . The adsorption of photons having higher wavelength than GO stimulates the process of electron-hole separation. This process gives birth to the reactive oxidative species which are responsible for degradation of organic pollutants [10] . On the other hand, recent studies have shown that the synergistic coupling between nanomaterial and GO can lead to enhancement of different physical, optical and chemical properties [14] . In 2017, Zhang et al. reported the synthesis of TiO 2 /graphene oxide composite nanofiber photocatalysis in the presence of polyvinylpyrrolidone (PVP) as fiberizing carrier. The results demonstrate that the TiO 2 /graphene oxide composite material has high photocatalytic activity with potential to be used in environment remediation [15] . Zhang et al. (2012) developed an environmentally benign route to synthesize mono-dispersive anatase TiO 2 nanocrystals in organic solvent. The results demonstrate that the microfluidic reactor approach could provide the TiO 2 sol with a high uniformity of physical and chemical properties [16] . GO has been suggested as a capable candidate to overcome stability problem and to improve the photocatalytic degradation process [17, 18] .
Graphene-based materials act as antibacterial agents and out of these, graphene oxide has been mostly studied. Mechanism of antibacterial action of GO involves physical interaction/ adsorption of sharp GO nanosheets with bacterial cell surface resulting in penetration of these nanosheets in bacterial membrane. Owing to nano-sizes, it may interfere with several chemical processes taking place in cells. Such interactions may cause oxidative stress leading to bacterial cell death [19] [20] [21] [22] .
In recent years, nanomaterials like copper, silver nanoparticles and carbon nanotubes (CNTs) are commonly used as antibacterial agents. CNTs are cytotoxic to both bacterial and human cells [23, 24] . For safe and sustainable application of nanomaterials such as graphene oxide, understanding the toxicity of material is necessary. In 2013, Guo and Mei summarized the toxicological effects of graphene family nanomaterials in mammalian cells, bacteria and animal models. The authors reported that surface modifications in graphene family nanomaterials lead to reduced toxicity [25] . In 2015, Xiaoyu et al. preformed toxicology test of GO nanosheets against Paecilomyces catenlannulatus. The results demonstrate that3 5% of the bacteria could survive on the surface of the GO nanosheets compared to the control sample (~92%) within 3 h [26] . In 2017, Zhiling et al. compared the impact of GO and reduced GO on biofilm formation using Escherichia coli and Staphylococcus aureus as models. The results show that GO and reduced GO exhibit completely different effects on bacteria growth, biofilm formation, and development of LB media [27] . In 2018, Gies and Zou studied the cytotoxicity of three different sizes of commercially available graphene oxide on six different cell lines as values of NOAEL/LOAEL and reported non-size dependability on toxicity of GO [28] .
Congo red (CR) is a commonly used organic dye in cotton industries and is highly toxic and considered as a water pollutant [29] . A large number of health hazards in humans and rats including irritation in the stomach and intestine with vomiting, diarrhea, changes in blood clotting, change in platelet count and decrease in white blood cell count may be produced in case of oral intake of CR [30] . CR dye is a chemical derivative of benzidine, which is a cancer causing agent. The chemical structure of CR dye has been presented in Fig. 1 . In the present study, pure GO nanosheets have been synthesized using modified Hummer's method. The photocatalytic degradation properties and effect of dose of GO on CR dye have been employed as a model reaction in the presence of UV light. Also, owing to the toxicity and potent antibacterial properties of GO, the antibacterial activity of GO towards both Gram-negative and Gram-positive bacteria is studied via well diffusion assay by growing Escherichia coli and Bacillus on LB agar plates.
Experimental details

Materials
Natural graphite powder was used as precursor for GO preparation. Potassium permanganate (KMnO 4 ), sodium hydroxide (NaOH), hydrogen peroxide (H 2 O 2 , 30%), sodium nitrate (NaNO 3 ), and hydrochloric acid (HCl) were used as oxidizing and reducing agents. Organic dye, Congo red, was used for photocatalytic degradation study. Aqueous solution was prepared using double-distilled water. All the chemicals were purchased from Sigma-Aldrich India (analytical grade).
Synthesis of GO
GO was synthesized by intense graphite power oxidation with oxidizing agents 30% H 2 O 2 , H 2 SO 4 , and KMnO 4 with respect to the modern Hummer's method [31] . After oxidation-reduction process, the sample is washed with 10% HCl solution and then with deionized water for several times to remove impurities and unwanted ions. The final sample is centrifuged at 4000 rpm for 40 min and dried at room temperature overnight.
Characterizations
Structural characterization of synthesized samples was carried out using X'pert PRO X-ray diffractometer in 2θ range from 10°to 90°with Cu Kα radiations (λ = 1.54 Å). Raman spectroscopy was used to monitor the degree of defects and structural changes during oxidation-reduction process in GO. Dry powdered samples were analyzed on a laser Raman spectrometer (in-via confocal Raman microscope, Renishaw plc UK). The spectra were acquired using a green laser with a microscope-focused beam of 532-nm wavelength and 50-mW laser powered with single continuous acquisition and 80-s exposure time. The sample morphology and microstructure were investigated using high-resolution transmission electron microscopy (HR-TEM) (Tecnai G2 20, 200KeV FEI). Fourier transform infrared (FT-IR) spectrum was recorded using BRUKER-ALPHA in spectral range of 3700 to 500 cm −1 . The UV-vis spectrophotometer (SHIMADZU, UV-2600) was operated between wavelengths 200 to 800 (nm).
Photocatalytic activity measurements
The photocatalytic study of GO, in terms of degradation of CR dye, is obtained under UV-light irradiation. In this process, 20 mg, 30 mg and 40 mg samples of GO were added separately in 20 ppm solution of dye. The mixture of catalyst suspension and dye solution was stirred with magnetic stirrer for 30 min and placed in dark to attain the desorptionadsorption equilibrium. The experiment was performed in a reactor of 1000 ml capacity. A metal halide lamp (Philips (175 W)) positioned inside a cylindrical vessel surrounded by a jacket was used as light source. For sieving the UV light of the lamp and cooling the reactor, NaNO 2 solution was circulated through the jacket. The test solutions were then exposed to ultraviolet radiation. The samples from exposed test solution were taken out at regular interval of time and then centrifuged for 20 min at 3500-4000 rpm. The absorbance of the samples has been recorded using UV-vis spectrometer.
Cultivation of Bacteria
Both E. coli and Bacillus were procured from Biotechnology lab of SGGSWU. The bacterial cultures were initially cultured overnight in Luria broth medium kept with a shaking speed of 220 rpm at 37°C. The next day, 1% overnight-grown culture was freshly inoculated in 5 ml LB and grown with shaking speed of 220 rpm at 37°C until the OD reached at the log phase. At the log phase, the culture was spread in LB agar plates and the wells were punched in the solid plate medium. Different amounts, viz. 2 mg, 4 mg, 8 mg and 16 mg of GO was dissolved in distilled water and added in the wells. The plates containing the GO were kept at 37°C until 48 h and the diameter of zone of clearance was measured.
Results and discussion
The X-ray spectrum of GO is presented in Fig. S1(a) . There is a dominant peak at lower angle (2θ = 11.60°) due to (001) plane and a small peak at 2θ = 26.51°due to (002) plane, confirming the formation of pure GO [32] . Raman spectroscopy has been used to confirm the formation of GO (Fig. S1(b) ). The Raman spectrum shows the D band and G band of pure GO. The D band peak at 1345 cm −1 and the G band peak at 1593 cm −1 give evidence of pure GO formation which is compared with previous reported works [33] . Figure S2 (a) shows the UV-visible spectrum of GO. Spectrum shows absorption peak at ∼ 228 nm corresponding to the π → π* transition of the C-C bonds along with another peak at ∼ 309 nm which corresponds to the n → π* transition of the C-O bonds. It is clear from the above discussion that good quality GO have been synthesized [34] . The FT-IR spectrum of GO sample is shown in Fig. S2(b) . Three strong representative peaks arising from GO could be indexed at 1721.96 cm The morphology of GO was investigated using HR-TEM (Fig. 2a) . The results represent that the GO consists of layered sheet-like structure with many corrugations [35] . It also reveals two-dimensional, wrinkled and undulated structure due to deformation upon exfoliation and restacking processes.
Photocatalytic degradation of Congo red
The photocatalytic study of as-synthesized GO is carried out under UV light for the degradation of CR dye. Fig. 3a . The variation of degree of degradation C t /C 0 (C 0 and C are the measured concentrations of CR dye solution at time 0 and t, respectively) is a function of irradiation time under UV light with and without GO. In the blank test, the concentration in the absence of photocatalyst was hardly reduced which indicates the stability of CR dye. However, the results demonstrate that the photocatalytic degradation is totally governed by the GO photocatalyst. The photocatalytic degradation also depends upon dose of catalyst and increase on increasing the dose of catalyst.
The CR dye shows complete degradation in the presence of GO catalyst in just 100 min. The reason behind the fast degradation of dye is the majority of oxygen-containing functional groups in graphene structure, which enhance the rate of degradation [36, 37] . In Fig. 3b , comparison of the degradation percentage of CR dye in the presence of GO photocatalyst with different doses is shown. It is clear from the graph that degradation efficiency increases with the increase in dose of GO from 20 to 40 mg. As GO has a semiconducting nature, the dye degradation mechanism can be understood in terms of migration of an electron from valence to conduction band with generation of a hole. This process starts with photon absorption, exhibiting greater energy than GO catalyst's band gap [38] . Superoxide radicals are generated on the reaction of electrons with adsorbed O 2 molecules on the surface of catalyst. The hole in valence band reacts with water to form hydroxyl radicals. These radicals generated leads to the production CO 2 and H 2 O. In addition, GO provides high surface area as a catalyst thus facilitating the fast adsorption of O 2 molecules on surface. To estimate the rate constant of the reaction, the LangmuirHinshelwood model [39] has been used. According to this model, the rate of reaction can be obtained using
where k and t are the rate constant and time, respectively. The plots of ln (C/C 0 ) vs. time have been represented in Fig. 4 . Figure 4 shows the kinetic data curves with linear relation between ln (C/C 0 ) and irradiation time. This shows that photocatalytic reaction follows pseudo-first order. In accordance with the Langmuir-Hinshelwood model, the rate constant for the degradation of CR dye is obtained from the slopes of the curves. The values of k for 20 mg dose of GO is found to be ≈ 0.0296 min −1 which is lower than that for 30 mg (0.0314 min − 1 ) and 40 mg (0.0359 min −1 ) GO doses. The CR dye concentration continuously lowers with increase in irradiation time and with higher degradation efficiency for higher doses. The better photocatalytic activity for degradation of organic pollutants can be attributed to the formation of oxygen containing functional groups between the layers of GO and intercalation of water molecules.
Antibacterial activity of GO
Antibacterial activity of GO evaluated via well diffusion assay using Escherichia coli and Bacillus revealed that GO nanosheets were able to hamper the growth of Gramnegative bacteria (E. coli), while the Gram-positive bacteria (Bacillus) were not inhibited as shown in Fig. 5 . From the figure, it is evident that higher concentration strongly inhibited the growth of E. coli compared to lower concentration. The diameter of zone of clearance around the well was measured to be 0.8 mm and 1.2 mm when 8 mg and 16 mg of GO were used, respectively (Table 1 ) and clearly indicates that the zone of clearance increases with increases in GO concentration. Previous studies also documented the bacterial inhibition using GO [40] . Sandeep et al. [41] suggested that the nanoparticles being small in size can easily interact with the membrane surface of the cell and may perturb its cellular and molecular functions. Another study also suggested that nanoparticles interfere with the cellular and molecular machinery of the cell to show antibacterial effects [42, 43] . We also propose that GO nanosheets may affect the growth of bacteria in similar fashion. All over, these observations warrant the antibacterial nature of GO and further signify its use in pharmaceutical industries and packaging of food. No lower concentration of GO was shown here as it does not inhibited the growth in case of E. coli. Also, Bacillus data is not shown here as it does not show inhibition under our experimental conditions. 
Conclusions
In the present study, two-dimensional, wrinkled and undulated structured GO was synthesized from natural graphite using modified Hummer's method. The synthesis of GO has been confirmed using XRD, Raman spectroscopy, HR-TEM and FT-IR spectroscopy. Due to the formation of more oxygencontaining functional groups between the layers and intercalation of water molecules, the degradation efficiency has been increased. The photocatalytic degradation reaction follows the pseudo-first order mechanism, with higher rate constant for higher doses of catalyst. The study also documents the bacterial inhibition properties of GO.
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